The pool of memory-phenotype CD8 T cells is composed of antigen-induced (AI) and cytokine-induced innate (IN) cells. IN have been described as having similar properties to AI memory cells. However, we found that pathogen-induced AI memory cells can be distinguished from naturally-generated IN memory cells by surface expression of NKG2D. Using this marker, we described the increased functionalities of AI and IN memory CD8 T cells compared to naive cells, as shown by comprehensive analysis of cytokine secretion and gene expression. However, AI differed from IN memory CD8 T cells by their capacity to migrate to the lung parenchyma upon inflammation or infection, a process dependent on their expression of ITGA1/CD49a and ITGA4/CD49d integrins.
Introduction
One hallmark of the adaptive immune system is its ability to respond faster and stronger to previously encountered antigens (Ag). This immunological memory relies on the generation of cells that display increased reactivity towards the previously encountered Ag. Protection against intracellular pathogens or tumorderived Ag is conferred in part by Ag-induced memory CD8 T cells (AI). Indeed, AI memory CD8 T cells have improved functional properties compared to naive cells, making them more potent to rapidly eliminate infected cells upon re-infection 1,2 .
These AI memory cells are found in secondary lymphoid organs, but a subset of them, the tissue-resident memory cells (TRM), settles within non-lymphoid tissues where they provide increased protection against secondary pathogen infections 3, 4 .
TRM are long-lived sessile cells in most tissues except the lung where they need to be replenished from the circulating pool of memory cells 5, 6 .
Memory-phenotype CD8 T cells or innate memory cells (IN) can also be generated through several alternative pathways that are independent of foreign Ag exposure 7 . Memory CD8 T cells generated through lymphopenia-induced proliferation (LIP) were the first IN memory cells to be described [8] [9] [10] [11] [12] . This pathway depends on strong IL-7 stimulation of naive CD8 T cells (due to the increased availability of this γ c cytokine in the lymphopenic host) combined to weak TCR stimulation through self-peptide/MHC-complexes [13] [14] [15] . Other γ c cytokines also support the generation of IN memory cells. In vivo, strong IL-2 stimulation through injection of IL-2/anti IL-2 antibody complexes, was shown to drive the generation of IN memory CD8 T cells from naive TCR transgenic cells 16 . Similarly, the characterization of several mutant mouse strains revealed that strong IL-4 stimulation 4 of CD8 single positive thymocytes or naive CD8 T cells leads to IN memory cell generation [17] [18] [19] . Moreover, naive BALB/c mice have an increased proportion of memory phenotype CD8 T cells due to higher levels of circulating IL-4 compared to naive C57BL/6 mice 20 . Conversely, naive mice deficient for IL-4 production or signaling have a reduced frequency of IN memory CD8 T cells 21, 22 . In physiological conditions, LIP memory cells generation occurs during the neonatal period in naive mice 21, 23, 24 and Th2 immune responses might also favor the generation of IN memory CD8 T cells 25 .
Hence, among CD8 T cells specific for foreign Ag never encountered by Specific Pathogen Free (SPF) naive mice, 10-20% of cells display a memory phenotype. These cells are also refered to as virtual memory cells 26 . Importantly, equal numbers of these virtual memory cells were found in naive germ free mice, indicating that their generation is independent of microbiota-derived Ag 26 . Therefore, in physiological conditions, the pool of memory-phenotype CD8 T cells is composed of two classes of cells: AI and IN.
AI and IN CD8 memory cells are generated through distinct pathways, but express a similar array of surface markers, which has hampered their demarcation.
Interestingly, experimentally generated TCR transgenic OTI memory CD8 T cells do not express CD49d compared to AI OTI memory CD8 T cells. This lack of CD49d expression has been used to identify and characterize OVA and VV-specific clones of IN memory cells generated in physiological conditions 26 . In parallel, it has been shown that compared to naive cells, these unconventional Ag-specific memory cells (IN or virtual memory cells) are able to mount an efficient response against pathogen infection with increased functional properties including augmented IFN-γ production and proliferative response 18, 26, 27 . However, the comparison between IN and AI 5 memory CD8 T cells in terms of phenotype, function and gene-expression profile has not been performed.
Upon strong TCR triggering, CD8 T cells express high levels of the NK cell receptor NKG2D 28 and antigen-induced memory cells express NKG2 29 . In contrast, IL-4-induced innate cells do not express NKG2D 29 . Therefore, we hypothesized that NKG2D could be differently expressed between AI and IN memory CD8 T cell populations.
We herein demonstrate that the expression of NKG2D is restricted to AI memory CD8 T cell populations. Using NKG2D as a marker of AI cells, we performed an extensive comparison of AI and IN cells within the natural pool of memory CD8 T cells. Our results indicate that although IN CD8 T cells share many features with AI memory cells, only AI cells are recruited towards the lung parenchyma upon inflammation or infection.
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Results

NKG2D expression identifies polyclonal antigen-induced memory CD8 T cell populations
We tested the hypothesis that NKG2D expression could discriminate Antigen-Induced (AI) from Innate (IN) memory cells. Indeed, IN cells generated following injection of IL-2 or IL-4 antibody complexes ( Figure 1A and S1) or after lymphopenic proliferation ( Figure S2 ) do not express NKG2D at their cell surface. In agreement with this hypothesis, in non-immunized SPF mice, the majority (more than 90%) of splenic memory-phenotype CD8 T cells (i.e. CD44 hi ) which are mainly IN cells 7 do not express NKG2D ( Figure 1B) . Similarly, virtual memory cells are mainly NKG2D negative ( Figure 1C ). In contrast, almost all B8R-specific memory CD8 T cells (CD44 hi B8R+) from C57BL/6 mice infected with vaccinia virus (VV) express NKG2D
( Figure 1D ). Following infection with VV, the frequency of CD44 hi effector or memory CD8 T cells expressing NKG2D was increased by more than a hundred-fold in the effector phase leading to a ten fold expansion of the NKG2D+ subset in the memory phase ( Figure 1E and S3). This was not specific to VV as 55 days after infection by Influenza virus (Flu) or bacteria Listeria monocytogenes (Lm) there was also a strong amplification of the NKG2D positive CD44 hi CD8 T population in the blood ( Figure   1E ). In contrast, the number of memory-phenotype NKG2D-cells remained stable when comparing the naive and the memory phase. These results could be extended to other mouse strains: in BALB/c mice and in the outbred mouse strain OF1 VV infection induced the generation of NKG2D+ memory CD8 T cells ( Figure S4 ).
To further validate NKG2D as a marker of AI memory T cells, we next analyzed NKG2D expression by VV-specific memory T cells recognizing other epitopes than 7 B8R. Indeed, VV harbors at least 40 epitopes recognized by CD8 T cells 30 . To extend this analysis to the whole viral epitope repertoire, memory CD8 T cells from VV-immunized mice were restimulated with VV-infected Dendritic Cells (DC). More than half of NKG2D+ memory phenotype CD8 T cells produced IFN-γ following VV restimulation, whereas only about 5% of NKG2D-memory phenotype CD8 T cells did ( Figure 1F ). This lack of IFN-γ production was not due to a functional defect of NKG2D-memory phenotype CD8 T cells, as restimulation with PMA and ionomycin led to IFN-γ production. As some epitopes of VV might be expressed in a delayed fashion and might not be presented in the time frame used for in vitro restimulation, we also performed in vivo rechallenge of memory CD8 T cells ( Figure 1G ). Although
NKG2D-and NKG2D+ memory CD8 T cells from VV-infected mice equally grafted in
the spleen of host mice, only NKG2D+ memory phenotype CD8 T cells had strongly proliferated, seven days after rechallenge with VV, as revealed by the number of donor cells recovered in the spleen and lung of host mice ( Figure 1G ). In contrast, the number of donor NKG2D-memory phenotype CD8 T cells remained close to the one observed in unimmunized host mice, revealing marginal expansion following VV rechallenge. NKG2D+ memory CD8 T cell proliferation was strictly dependent on Ag recognition, as infection with the heterologous pathogen Lm did not lead to their expansion ( Figure 1G ). Finally, we compared the capacity of NKG2D+ and NKG2Dmemory phenotype CD8 T cells to protect naive mice against a lethal dose of virus.
To do so, naive CD8 T cells as well as NKG2D-and NKG2D+ memory CD8 T cells from Flu-immune mice were transferred in naive hosts that were infected with a lethal dose of Flu. NKG2D+ memory CD8 T cells induced a significant protection of host mice as more than 40% of them survived the infection ( Figure 1H ). This is in contrast to naive cells and NKG2D-memory CD8 T cells that conferred no protection. 8 Altogether, these results indicate that NKG2D expression identifies antigen-induced memory CD8 T cells in polyclonal settings, hereafter referred to as Antigen-Induced (AI) memory CD8 T cells, allowing to distinguish them from Innate memory (IN) CD8
T cells that do not express this marker.
AI and IN memory CD8 T cells are distinguished by their TCR repertoire and cytokine secretion capacity
Next, taking advantage of NKG2D as a marker discriminating AI and IN memory CD8
T cells, we compared these two populations in terms of TCR repertoire and effector functions. A multiplex PCR identifying β chain locus VJ rearrangements showed that, as expected, AI memory CD8 T cells have a less diverse TCR repertoire than naive CD8 T cells, reflecting antigen selection ( Figure 2A ). In contrast, IN memory CD8 T cells have a TCR repertoire that is as diverse as naive CD8 T cells. A Principal component analysis (PCA) indicated that the TCR repertoire was more similar within the NKG2D+ subset of different mice than within the CD8 cells i.e. the naïve, NKG2D+ and NKG2D-of a given mouse ( Figure 2A ). As IN cells have a diverse repertoire that seems to differ in its composition from naive CD8 T cells, we tested if these cells could participate to a primary immune response against a pathogen, i.e.
whether they can mount responses against unknown foreign epitopes. Equal numbers of CD45.1 naive and CD45.2 IN memory CD8 T cells were sorted from naive mice and co-transferred to congenic CD45.1/CD45.2 hosts that were infected the next day with VV or Lm. Seven days post infection, the contribution of transferred cell populations to the primary response was determined in the spleen ( Figure 2B ).
Both naive and IN memory cells expanded during the primary immune response and became NKG2D positive. We also evaluated the relative contribution of the two 9 grafted cell populations to the NKG2D+ CD44 hi effector cells response. During VV infection, naive and IN memory CD8 T cells generated almost equal numbers of NKG2D+ CD44 hi effector cells. In contrast, during Lm infection, IN memory CD8 T cells generated more NKG2D+ CD44 hi effector cells compared to naive cells ( Figure   2B ). In conclusion, IN cells have a more diversified repertoire than AI and can contribute to a primary T cell response.
One key property of memory CD8 T cells is the rapid and increased production of cytokines and chemokines upon TCR stimulation. We therefore compared the capacity of polyclonal IN and AI memory and naive CD8 T cells to produce cytokines and chemokines in response to TCR stimulation. Early after TCR triggering, both IN and AI produced a broader array of cytokines/chemokines than naive cells. These factors were also secreted in larger amounts by memory T cells of both subsets ( Figure 2C ). Importantly, the same pattern of cytokines/chemokines was produced by IN and AI memory cells, although AI produced at least a tenfold higher quantity of the poised memory cytokine/chemokines CCL5, CCL1 and IFN-γ than IN ( Figure 2D ). AI memory cells can also produce IFN-γ upon stimulation by innate signals such as IL-12 and IL-18, a property known as innate function of memory CD8 T cells 31 . A fraction of IN memory cells produced IFN-γ upon IL-12/IL-18 stimulation, albeit at a lower frequency than AI memory CD8 T cells ( Figure 2E ). Taken together, these results indicate that although AI and IN memory CD8 T cells produced a similar pattern of cytokines following stimulation, AI produce higher amounts of cytokines than IN memory T cells.
Transcriptome analysis of AI and IN memory CD8 T cells 1 0
To further characterize the two subsets defined by NKG2D expression, we compared their transcriptome using microarrays. F5 TCR transgenic CD8 T cells were transferred in naive mice before infection with VV-NP68, to establish an internal control of AI memory CD8 T cells. Eighty days post infection, F5 memory cells as well as host's IN and AI memory CD8 T cell populations were sorted and their transcriptome was analyzed. Naive CD8 T cells were sorted from naive F5 and C57BL/6 mice. We first performed a PCA analysis that shows that 70% of the variability of the samples is explained by the first two principal components (PC).
Samples were aligned along PC1 according to their differentiation stage, while PC2 highlighted a difference between monoclonal F5 TCR transgenic T cells and polyclonal CD8 T cells ( Figure 3A ). F5 and polyclonal CD8 T cells differed by the expression of few genes, among which those coding for the TCR, reflecting the monoclonality of the F5 CD8 population ( Figure S5A ) and one set of genes encoding the inhibitory NK cell receptors (Klra) was expressed by polyclonal AI memory cells but not F5 memory cells. Accordingly, these Ly49 receptors are exclusively expressed by a small fraction of polyclonal memory CD8 T cells in contrast to TCR transgenic F5 memory cells ( Figure S5B ). This property is shared by both IN and AI polyclonal memory cells ( Figure S5C ). Importantly, all genes differentially expressed by AI memory CD8 T cells compared to naive cells were also differentially expressed by F5 CD8 T cells when comparing memory to naive cells confirming their antigeninduced nature (data not shown). We then compared AI and IN polyclonal memory populations. IN memory cells were positioned closer to AI memory cells than to naive CD8 T cells on the PC1 axis, confirming their memory differentiation ( Figure 3A ).
Indeed, AI and IN memory CD8 T cell transcriptomes differ in the expression levels of several genes encoding transcription factors, effector molecules, NK cell receptors, 1 1 chemokine receptors and integrins ( Figure 3B ). Compared to IN, AI memory CD8 T cells express higher levels of genes encoding effector molecules involved in the killing of target cells through cytotoxicity. Accordingly, this memory cell population displays a higher capacity to mediate killing, in anti-CD3 redirected cytotoxicity assay ( Figure S6 ). Importantly, AI memory CD8 T cells express higher levels than IN cells of transcription factors that promote the full differentiation of memory CD8 T cells, such as Tbet, ID2, Zeb2 and Blimp-1 ( Figure 3C 
AI memory CD8 T cells have an increased capacity to enter inflamed peripheral tissues compared to IN memory cells
One important characteristic of memory cells is their capacity to circulate and migrate to inflamed tissues [32] [33] [34] . As IN cells express less memory-specific chemokine receptors and integrins than AI cells, we compared their ability to traffic to the lung upon inflammation or infection. Inflammation was first induced in mouse lungs by the TLR3 agonist poly(I:C) that induces the production of type-I IFN and its downstream chemokines (CXCL9, 10 and 11) 35 S7) as reflected by a cell number ratio close to 1 ( Figure 4A ). As expected the recrutement of donor memory CD8 T cells within the lung parenchyma and airways was induced following poly(I:C) injection ( Figure S7 ). However, AI memory CD8 T cells were preferentially recruited compared to IN cells ( Figure 4A ). Following lung infection by a pathogen spleen memory cells are recruited to the lung in an antigen independent fashion 36 37 . To analyse the capacity of AI and IN memory CD8 T to be attracted to the infected lung, VV-specific memory CD8 T cells containing NKG2Dand NKG2D+ populations were isolated from VV-immune mice and transferred into host mice that had been immunized two days before with Flu virus and the recruitment was assessed two days later. Again, AI memory CD8 T cells were preferentially recruted to the lung during Flu infection, accumulating within the parenchyma ( Figure 4B ). In conclusion, our results show that upon inflammation or infection, AI memory CD8 T cells enter the lung parenchyma more efficiently than IN memory CD8 T cells.
Recruitment of AI memory CD8 T cells into the inflamed lung is CXCR3 and CD49a/CD49d dependent
Memory CD8 T cell trafficking to the lung parenchyma and airways has been reported to be dependent on ITGA1-4 integrins and chemokine receptors CXCR3 32 34 38 . Using CXCR3 KO mice we confirmed that CXCR3 expression is required for AI memory cells recrutement to the lung parenchyma ( Figure 5A ). However, the differential recruitment of AI and IN memory subsets did not involve CXCR3 as both memory cell types expressed similar level of CXCR3 and migrated strongly towards CXCL10 in a transwell assay ( Figure 5B ). By contrast, AI differ from IN by the expression level of several integrin mRNA namely Itga1 and Itga4 and Itgb1
encoding for the alpha and beta chains of VLA1 (CD49a, CD29) and VLA4 (CD49d, CD29), respectively ( Figure 3B , 26 39 ), a difference confirmed at the protein level by flow cytometry analysis ( Figure 5C ). We thus tested the if antibodies directed against CD49a and CD49d could alter the recruitment of AI to the infected lung. Antibody treatment did not affect AI numbers in spleen and blood ( Figure S8 ). In contrast, it significantly inhibited AI recruitment to the lung parenchyma ( Figure 5D ). Altogether, these results indicate that following lung infection, AI memory cells are the main memory subset recruited to the lung parenchyma, a process that is dependent on CXCR3 and CD49a/CD49d integrins expression.
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Discussion
In this study, we demonstrated that NKG2D surface expression is restricted to AI memory CD8 T cells, allowing their discrimination from IN memory CD8 T cells generated under physiological conditions. We showed that this dichotomy is conserved in different mouse strains and in response to infection by different
pathogens. Expression of NKG2D by virtual memory CD8 T cells has recently been
reported at the mRNA level 39 . We found that sorted NKG2D-negative memoryphenotype IN cells containing the virtual memory cells expressed higher levels of mRNA encoding NKG2D compared to naive cells (FC=2, Figure S9 ). However, we found that the small fraction of B8R+ virtual memory (0.02%) within CD44 hi CD49d negative CD8 T cells found in naive mice are mainly NKG2D negative at the protein level ( Figure 1C ). Importantly, NKG2D positive AI memory CD8 T cells expressed much higher levels of NKG2D mRNA than IN in quiescent cells which could explain the difference observed in NKG2D protein levels. Thus, the surface expression of NKG2D protein is restricted to AI memory CD8 T cells. for effector molecules, such as granzymes, perforin and Fas ligand, confirming that these cells are more differentiated and are able to kill a potential target more rapidly.
One major difference between naive and memory cells is the capacity of memory cells to access and reside within tissues parenchyma. Following a pulmonary infection, pathogen-specific CD8 effector cells enter the lung parenchyma and under specific signaling some of them differentiate in Trm that ensure a robust response if a secondary infection occurs 3 4 . In the lung, in contrast to other tissues, the population of Trm wanes over time 5 6 . Thus, long term protection of the lung relies on the recruitment of secondary memory cells stored in lymphoid tissues.
Indeed, following infection of the lung, inflammation rapidly induces the recruitment of 1 6 memory cells independently of their antigenic specificity 36,37,42 , although pathogen specific spleen memory T cells also rapidly gain access to the tissue 2 .
Previous studies have demonstrated that the CD49d integrin is differentially expressed between B8R-specific IN and AI memory CD8 T cells 26, 22 . Transcriptome comparison of IN and AI revealed here that other integrin chains are also differentially expressed by AI and IN memory cells. This was confirmed at the protein level: AI memory CD8 T cells expressed higher levels of several integrins (CD29, CD49a, CD49d) compared to naive or IN memory CD8 T cells. These integrins play a key role in immune cell migration, allowing them to exit blood vessels and access peripheral tissues 38 . Indeed, ITGA1/B2 (CD29, CD49a) and ITGA4/B2 (CD29, CD49d) play an essential role in the extravasation of CD8 T cells in the lung or the brain, respectively 43, 44 . Accordingly, we found that upon lung inflammation, AI memory CD8 T cells were preferentially recruited within the lung parenchyma and we demonstrated that this process was dependent on integrins. In contrast, IN memory CD8 T cells remained within the lung vasculature. Memory CD8 T cell trafficking to the lung parenchyma and airways has been reported to be dependent of the chemokine receptor CXCR3 34 . In agreement, CXCR3 KO AI memory cells were not recruited to the lung. Importantly, we did not observe any differential CXCR3expression or CXCL10-induced migration between IN and AI memory CD8 T cells.
This indicates that CXCR3 expression is necessary but not sufficient to access the inflamed lung parenchyma.
IN memory CD8 T cells have a TCR repertoire as diverse as that of naive CD8
T cells, although their repertoire does not completely overlap. This diversified TCR repertoire could allow IN memory CD8 T cells to contribute to multiple immune responses. In line with this, we showed that IN memory CD8 T cells participated to 1 7 primary immune responses against two pathogens, namely VV and Lm. Participation
of IN memory CD8 T cells to primary immune responses against infectious
pathogens could significantly increase the efficiency of these responses. Indeed, we showed that physiologically generated IN produced a lot more cytokines than naive cells when stimulated through their TCR. In line with this, Lee The decreased capacity of IN memory cells to access non-lymphoid tissues in response to inflammatory chemokines could be essential for the prevention of autoimmunity. Due to its generation process, the population of IN memory CD8 T cells might be preferentially generated from naive cells with increased sensitivity for self-antigens. Indeed, CD5 hi naive CD8 T cells, that have an increased sensitivity to self antigens, are more prone to undergo LIP compared to CD5 lo naive cells 47 48 .
Moreover, CD5 hi naive cells are more predisposed to become virual memory CD8 T cells compared to CD5 lo naive cells. Of note, increased lymphopenia drives the development of auto-aggressive T cells in NOD mice. This mechanism accounts partly for the development of diabetes in this mouse model 49 . The exclusion from 1 8 peripheral tissues of IN memory CD8 T cells that show increased reactivity compared to naive cells might thus be important to avoid autoimmunity.
In conclusion, NKG2D is a novel marker of AI memory cells. Moreover, although AI and IN memory CD8 T cells are similar from a phenotypic, transcriptomic and functional point of view, they differ in their capacity to be recruited to inflamed lung parenchyma in an integrin-dependent fashion. 
TCR transgenic memory CD8 T cells
To generate AI TCR transgenic memory CD8 T cells, 2 × 10 5 naive CD45.1 F5 CD8 T cells were transferred in C57BL/6 mice by i.v. injection. The next day, mice were infected with VV-NP68 as described above. To generate IN TCR transgenic memory CD8 T cells, 1 x 10 6 naive OTI CD8 T cells were transferred in sub-lethally irradiated (600 rad) CD45.1 C57BL/6 mice by i.v. injection. OTI naive cells were also transferred to immunocompetent mice that further received i.p. injections of 1.5 μ g of IL-2 or IL-4 (Peprotech) immunocomplexed to anti-IL-2 (S4B6, BioXcell) or anti-IL-4 (11B11, BioXcell) antibody, during 7 consecutive days.
Cell preparation and flow cytometry
To discriminate between tissue resident and circulating memory CD8 T cells, in vivo intravascular staining was performed as previously described 51 . Briefly, mice were injected i.v. with 3 μ g of CD45-BV421 antibody (BioLegend) diluted in 200 μ l of sterile PBS (Life Technologies) and were sacrificed 2 min after injection by overdose of pentobarbital. Blood samples (100 μ l) were collected on EDTA by retro-orbital bleeding. Spleen and lymph nodes were harvested, mechanically disrupted and filtered through a sterile 100 μ m nylon mesh filter (BD). To collect broncho-alveolar lavages (BAL), the trachea was exposed and cannulated with a 24-gauge plastic catheter (BD Biosciences) and lung were lavaged twice with 1 mL cold sterile PBS.
Lungs were enzymatically digested using a specific dissociation kit and following manufacturer's instructions (Miltenyi Biotec). 
In vitro stimulation and cytokines production measurements
For measurements of cytokine production, 5x10 4 Alternatively, 1x10 6 total splenocytes from VV-infected mice were cultured for 5 hours with plate bound anti-CD3 antibody and soluble anti-CD28 antibody or with IL-12 (10 ng/mL, R&D system), IL-18 (10 ng/mL, MBL) and IL-2 (10 ng/mL, Peprotech).
Protection assay
To evaluate the degree of protection associated with each CD8 T cells population, mice were transferred with 1×10 5 naive, NKG2D-or NKG2D+ memory CD8 T cells from Flu-infected mice. The next day, host mice were infected with a lethal dose (1x10 6 TCID 50 ) of Flu. Mice weight loss was measured each day, for up to 12 days, after infection. Mice that lost more than 20% of initial body weight were euthanized.
TCR repertoire analysis
Naive, NKG2D-and NKG2D+ memory CD8 T cells were sorted from VV-infected mice (50 days post infection). Cells were lyzed and multiplex PCR were performed by variance and bias. Bioinformatics 19, 185-193 (2003 Mann-Whitney test, **: pvalue < 0.01. 
Figure legends
